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The S1–S0 electronic spectra, and the vibrational spectra of jet-cooled 2-pyridone~2PY! and its
hydrogen bonded clusters, 2PY–H2O and 2PY dimer, have been investigated by population labeling
and various double-resonant vibrational spectroscopies. For bare 2PY, theS1–S0 spectrum was
measured by laser-induced fluorescence and population labeling spectroscopy. In addition, IR and
Raman spectra of the NH stretching vibration were observed inS0 andS1 . The results led to the
conclusion that 2PY has two close lying electronic states in theS1 region, whose structures are
slightly different with respect to the NH group. It was also found that the NH stretching frequency
becomes smaller inS1 than inS0 , indicating that the NH bond strength of 2PY becomes weaker in
S1 . The effect of the electronic excitation on the hydrogen bond strength has also been investigated
by measuring the NH and OH stretching vibrations of the hydrogen bonded clusters in the two
electronic states, and it was found that the hydrogen-bond strength is weaker inS1 than inS0 . For
2PY dimer, the IR and the Raman spectra of the NH stretching bands showed a clear intensity

















































2-pyridone~2PY! is a simple molecule having a peptid
group and it exhibits two stable tautomeric forms, 2PY a
2-hydroxypyridine~2HP!, as shown in Fig. 1~a!. Many spec-
troscopic and theoretical studies have been done on the k
enol tautomerization of 2PY.1–37 In the gas phase,4,6,8,11,12,20
the 2HP form is thought to be;200 cm21 more stable than
the 2PY form, and the tautomerization barrier is estimated
be 20 000 cm21.23 For 2PY in a protic solvent, it is expecte
that the barrier is substantially reduced by forming hydrog
bond with solvent molecules. In such a solution, the t
tomerization reaction proceeds through the exchange r
tion of protons between 2PY and solvent molecules. In t
respect, spectroscopic studies on the structure of
hydrogen-bonded clusters are of special importance for
understanding of the keto-enol tautomerization in the m
lecular level.
The electronic spectra of 2PY and its clusters have b
studied in supersonic jets by several workers.38–44In particu-
lar, Bernstein’s group38 performed detailed analyses of th
S1–S0 electronic transition of jet-cooled 2PY and its hydr
gen bonded clusters by measuring the fluorescence sp
and mass-resolved resonance enhanced multiphoton io
tion spectra. Later, Pratt’s group observed rotationally
solved laser-induced fluorescence~LIF! spectra of 2PY,
2PY–H2O, and (2PY)2 , and determined thei
structures.39–43 These studies gave us the detailed inform
tion for the electronic spectra and their structures. Howe
until very recently, there has been no spectroscopic stud
the NH or OH stretching vibration in supersonic jets. The
a!Authors to whom correspondence should be addressed.
b!Electronic mail: ebata@qclhp.chem.tohoku.ac.jp5730021-9606/2000/113(2)/573/8/$17.00


















vibrations may provide us with the direct information on t
keto-enol tautomerization and on the hydrogen-bond
structure of the clusters. Actually, many of the studies
bulk phase reported the vibrational spectra of the
modes.4,6,8,28,32,37In our previous paper, we first reported th
measurements of the vibrational spectra of the NH and
stretching vibrations of 2PY and the OH stretching vibrati
of its clusters.45 By comparing the observed spectra with t
simulated ones of the energy optimized structures obtai
by ab initio molecular orbital calculations, we succeeded
characterizing the vibrations and the cluster structure.
In the present work, we have mainly investigated t
structures of 2PY and its clusters in theS1 state. There are
everal interesting problems of 2PY inS1 . First is the pres-
ence of two intense bands~we call bandsA andB! in the S1
electronic region of 2PY. The two bands were first sugges
to the transitions of two isomers of 2PY by Nimlos, Kelle
and Bernstein.38 Later, Held, Champagne, and Pratt39 mea-
sured high resolution electronic spectra of the two bands,
concluded that the two bands are the transitions from
same zero-point level but to the different upper states hav
different structures. In our previous paper, we supported
conclusion of Held and co-workers since the IR–UV doub
resonance spectra associated with the two bands exhibi
same frequency for the NH stretching vibrations inS0 .
45 In
the present work, we measured the population labeling sp
tra for the two bands. In addition, we obtained more prec
NH stretching vibrational frequency by measuring the R
man spectra. These results provided us with firm evide
that the two bands originate from the same zero-point vib
tional level. In addition, we investigated the fluorescen
quantum yield of 2PY by comparing the LIF and the pop© 2000 American Institute of Physics





































574 J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Matsuda, Ebata, and Mikamilation labeling spectra and found that the yield rapidly d
creases with the excitation energy.
Second is the effect of the electronic excitation on
tautomerization reaction of 2PY in the isolated condition a
also in the hydrogen-bonded clusters. Though the bar
height for the tautomerization reaction is very large inS0
(;20 000 cm21), it is expected that the large exothermici
~6500 cm21! from 2HP to 2PY may decrease the barr
height in S1 .
38 In addition, the electronic excitation als
changes the ability of the hydrogen bonding of 2PY. Su
changes may drastically affect the potential energy surfa
especially along the coordinates of the NH and OH stre
modes, leading to substantial changes in their vibrational
ergies. So, we measured the NH vibration of 2PY and a
the OH stretching vibration of its clusters inS1 to find an
indication of the tautomerization.
Finally, we investigated the structure of (2PY)2 by mea-
suring the IR and the Raman spectra of its NH stretch
vibration. From theoretical works28,44 and an analysis of the
high-resolution electronic spectrum,43 (2PY)2 is thought to
have a planarC2h-symmetric structure and a large bindin
energy. Such a large binding energy and the high symm
structure of (2PY)2 can also be confirmed by observing th
NH stretching vibration and its IR and Raman activities.
II. EXPERIMENT
Supersonic jets of 2PY and its clusters were genera
by expanding a gaseous mixture of 2PY and solvent m
ecules, seeded in 3 atm of He carrier gas, into vacu
through a pulsed nozzle having a 0.8 mm orifice. To obt
sufficient vapor pressure, a sample compartment of 2
crystal was heated at 370 K. We applied various double re
nant spectroscopic techniques for jet-cooled 2PY and
clusters as shown in Fig. 2. For the electronic spectrum m
surement, we used population-labeling spectroscopy,
shown in Fig. 2~a!. For the vibrational spectroscopy of th
FIG. 1. Schematic representation of the stable structure of~a! 2PY and 2HP




















NH and OH stretching vibrations inS0 , we used IR–UV
double-resonance@Fig. 2~b!# and stimulated Raman-UV
double-resonance spectroscopies@Fig. 2~c!# with fluores-
cence detection. For the observation of the vibrations inS1 ,
we applied UV–IR double-resonance spectroscopy w
fluorescence detection, as shown in Fig. 2~d!.
A. Population labeling spectroscopy
The experimental setup for population labeling spectr
copy was described in detail elsewhere.46 In this spectros-
copy, the frequency of the probe laser (nprobe) was fixed to
the S1–S0 transition of a specific species in the superso
free jet and its ground state population was monitored by
LIF intensity. Under this condition, a pump laser (npump) was
introduced to the jet prior to thenprobe pulse. The power of
npump was intense enough to deplete the ground state po
lation when its frequency was resonant with the electro
transition. Thus, by scanningnpump frequency while monitor-
ing the fluorescence intensity, theS1–S0 electronic spectrum
of the selected species was obtained as a fluorescenc
spectrum. The two laser beams were introduced into
vacuum chamber andnpump crossed the jet at 5 mm down
tream of the nozzle. Thenprobe beam was directed antipar
allel to thenpump beam and crossed the jet at 10 mm dow
tream of the crossing point ofnpump. The delay time
betweennpump andnprobe was set to 5.6ms.
FIG. 2. Excitation schemes of~a! population labeling,~b! IR–UV double-
resonance,~c! stimulated Raman–UV double-resonance, and~d! UV–IR














































575J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Population labelingB. IR–UV and stimulated Raman–UV double-
resonance spectroscopy
The IR–UV and stimulated Raman–UV doubl
resonance spectroscopies with fluorescence detection
described in detail elsewhere.47–52 In these spectroscopies
the population depletion induced by a tunable IR laser (n IR)
or by stimulated Raman pumping was monitored by
S1–S0 LIF intensity with a tunable UV laser (nUV). We call
these spectroscopies fluorescence-detected IR spectros
~FDIRS! and fluorescence-detected stimulated Raman s
troscopy~FDSRS!. These laser beams were introduced in
the vacuum chamber from the opposite direction with e
other and were focused onto the jet. The delay time betw
n IR or two lasers for Raman pumping andUV was fixed to
50 ns.
C. UV–IR double-resonance spectroscopy
The experimental setup of the UV–IR double-resona
spectroscopy is very similar to the IR–UV double-resona
spectroscopy.53 In this spectroscopy, the fluorescence inte
sity was used as a measure of the population inS1 . Under
this condition, then IR pulse was introduced at a delay tim
of 2 ns from thenUV pulse. The fluorescence quantum yie
of the vibronic level ofS1 is usually smaller than that of th
zero-point level, so that the total fluorescence intensity
creases whenIR is resonant with the vibrational transition i
S1 . Thus, the IR spectrum of theS1 state is also obtained a
a fluorescence-dip spectrum by scanning IR frequency w
monitoring the LIF intensity.
The tunable IR laser light (n IR) for the IR–UV double-
resonance spectroscopy was generated by a difference
quency generation between the second harmonic of an in
tion seeded Nd:YAG laser~Quanta-Ray GCR/230! and an
output of the Nd:YAG laser pumped dye laser~Continuum
ND 6000!, with a LiNbO3 crystal. For the stimulated Rama
pumping spectroscopic measurement, the same Nd:YAG
laser system was used. ThenUV source for the probe was
second harmonic of a XeCl excimer laser pumped dye la
~Lambda Physik LPX100/FL3002!. The laser beams wer
focused byf 5250 mm lenses. The delay time between t
lasers was controlled by a digital pulse generator~SRS DG
535!.
The fluorescence of 2PY or its clusters was detected b
photomultiplier tube ~Hamamatsu Photonics 1P28! after
passing a bandpass filter. The photocurrent was integrate
a boxcar integrator~Par model 4400/4420! connected by a
personal computer. 2-pyridone was purchased from W
Chemical Industries, Ltd. and was used without further pu
fication.
III. RESULTS AND DISCUSSION
A. S1 – S0 electronic spectra and Raman spectra
of the NH stretch band of 2PY, 2PY–H 2O, and „2PY…2
1. 2PY
The S1–S0 LIF spectrum of jet-cooled 2PY in the ban
origin region is shown in Fig. 3~a!. The two intense bands a




















signed to the 0–0 bands of different isomers of 2PY inS0 by
Nimlos, Kelley, and Bernstein,38 while Held, Champagne
and Pratt39 assigned them to the transitions from the ze
point level of the same isomer to the different excited sta
having different structures. In our previous paper, we m
sured the IR spectra of the NH stretching band inS0 for the
two bands, which are reproduced in Figs. 3~b! and 3~c!.
Since the obtained NH vibrational frequencies were the sa
for the two bands, we concluded that the bandsA andB are
originated from the same isomer ofS0 .
In the present work, we first measured the FDSR sp
trum of the NH stretch vibration for the bandsA and B, to
confirm the above-mentioned conclusion. In the Ram
spectrum, theQ-branch intensity is dominant for the totall
symmetric vibration, such as the NH stretching vibratio
and the band of this vibration in the FDSR spectrum
sharper than that of the FDIR spectrum, providing us w
more precise vibrational frequency. Figures 3~d! and 3~e!
represent the FDSR spectra for the bandsA andB, which are
compared with the FDIR spectra@Figs. 3~b! and 3~c!#. The
observed NH stretching frequency of 3447.7 cm21 in the
Raman spectra are the same for the bandsA andB, confirm-
FIG. 3. ~a! S1–S0 LIF spectrum of 2PY monomer in the band origin regio
~b!, ~c! FDIR spectra obtained by monitoring bandsA andB. ~d!, ~e! FDSR









































576 J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Matsuda, Ebata, and Mikamiing the conclusion that they belong to the same isome
2PY.
We then measured population-labeling spectra to ob
further evidence of the single isomer of 2PY inS0 . Figure
4~a! shows the LIF spectrum of 2PY in a wider energy r
gion, and Figs. 4~b! and 4~c! show the population labeling
spectra of 2PY obtained by tuning the probe laser freque
to the bandsA andB, respectively. As seen in Fig. 4, the tw
spectra show essentially an identical vibronic structure. Fr
this result and from the fact that bandA is assigned to theS1
band origin, it is concluded that the bandB also originated
from the zero-point level ofS0 of the same species.
As seen in Fig. 4~a!, there are not so many bands in th
higher energy region of the LIF spectrum, while in Figs. 4~b!
and 4~c! many intense bands appear in the higher ene
region of the population labeling spectra. The results indic
a rapid decrease of the fluorescence quantum yield with
excitation energy. By comparing the relative band intensi
between the LIF and the population labeling spectra, rela
fluorescence quantum yields of the vibronic bands can
obtained. The population-labeling spectrum can be conve
FIG. 4. ~a! LIF spectra of 2PY and its hydrogen-bonded cluster.~b!, ~c!
Population labeling spectra obtained by fixing the probe laser frequenci
bandsA and B of the 2PY monomer.~d! Population labeling spectra o
2PY–H2O obtained by monitoring bandC. ~e! Population labeling spectrum
of (2PY)2 obtained by monitoring bandD. Pump and probe laser power












to the absorption spectrum by using a rate equation mo
based on the excitation scheme given in Fig. 5. The e
tronic transition cross section can be expressed by the
lowing equation under a weaknpumppower condition, so that
the S1–S0 transition is not saturated:
48
sI pumpDt}2 ln~Con/Coff!. ~1!
Here, we also assume that the rate of the reverse process
is the stimulated emission pumping, is much smaller than
decay rate ofS1 . This condition can also be satisfied und
the weak laser power condition.54 In Eq. ~1!, s represents the
S1–S0 absorption cross section andI pump is the npump laser
power andDt is its pulse width.Con andCoff are the ground
state populations whenpump is resonant and off-resonan
with the electronic transition, respectively. The relative v
ues,Con andCoff , are obtained as intensities of laser-induc
fluorescence by the probe laser (nprobe). This laser power is
set very weak~typically 5 mJ! so that it does not affect the
ground state population. Figure 5 shows a plot
2 ln(Con/Coff) versus thenpump power for bandA. As shown
in Fig. 5, a linear relationship is seen for thenpump power
below 50 mJ. Thus, we measured the population-labeli
spectrum under thenpump power below 50mJ, and trans-
formed it to the absorption spectrum by using Eq.~1!. The
resulting absorption spectrum shown in Fig. 6~a! is compared
with the LIF spectrum of Fig. 6~b!, and the relative fluores
cence quantum yields are plotted in Fig. 6~c!. There are sev-
eral noticeable points in the obtained fluorescence quan
yields of the vibronic bands. First, more than 20 vibron
bands appear within the 1000 cm21 region above the 0,0
band. Second, as was mentioned previously, the fluoresc
quantum yield rapidly decreases with the energy. Fina
there are several bands whose relative fluorescence qua
ield is anomalously weak even at the lower energy regi
These bands are marked by open triangles in the energ
gion up to 700 cm21 above the band origin. Actually thes
bands are completely missing in the LIF spectrum.
The rapid decrease of the fluorescence quantum y
with the excitation energy may be interpreted by the incre
of nonradiative decay rates, such as internal conversion
to
FIG. 5. ~a! Plot of 2 ln(Con /Coff) vs the pump laser power for bandA and






577J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Population labelingFIG. 6. ~a! Transformed population labeling spectrum
of 2PY by using Eq.~1!. The bands marked by ope
triangles are the bands which are missing in the L
spectrum.~b! LIF spectrum of 2PY. The bands marke
by asterisks are the vibronic bands of clusters.~c! Plots
of the relative fluorescence quantum yields of the v





























t ofintersystem crossing. On the other hand, the bands which
completely missing in the LIF spectrum even at the low
energy region may be described either by a strong m
dependence of their nonradiative decay rates or by the
pearance of the vibronic bands of the electronic state lo
than theS1(pp* ) state, such as thenp* state. As to the
latter case, thenp* state is observed belowS1(pp* ) in the
2PH form. In contrast, there has been no report for the s
for 2PY form.5,17,29 Thus, there is little possibility of the
presence of thenp* state belowS1 . However, as seen in
Fig. 6~a!, the population labeling spectra shows a very co
plicated vibronic structure, suggesting a perturbation
other states. So, the two possibilities raised above canno
distinguished at this moment.
2. 2PY–H2O
The population labeling spectrum of 2PY–H2O observed
by fixing the probe laser to bandC at 30 465 cm21 is shown
in Fig. 4~d!, and the absorption spectrum transformed
using Eq.~1! is shown in Fig. 7~a!. The spectrum is very
similar to the mass resolved resonance enhanced multiph
ionization spectrum of 2PY–H2O measured by Nimlos
Kelley, and Bernstein38 and no band is observed below th
band at 30 465 cm21, leading to the conclusion that this ban
is the S1–S0 origin. The spectrum shows very rich vibra
tional structure and no prominent band corresponding
bandB of the 2PY monomer is seen at 100 cm21 above the
band origin. Instead, in the energy region of 140 cm21, there
are three equal intensity bands with their spacing of 17 cm21.
One of them is assigned to the intermolecular stretching
bration inS1 , since the frequencies are similar to those of
other hydrogen-bonded clusters, such as phenol-H2O
55 or
naphthol-H2O.
56 Actually, a progression of;180 cm21 is
seen in the dispersed fluorescence spectrum of 2PY–2O
reported by Nimlos, Kelley, and Bernstein~Fig. 7 of Ref.
38!, which may correspond to the intermolecular stretch
vibration in S0 . Other bands in the 140 cm
21 region may
















ing to bandB of bare 2PY. In the higher energy region, ma
bands are closely overlapped and they may be assigne
the combination bands of the intramolecular and interm
lecular modes. Figure 7~c! shows a plot of the relative fluo
rescence quantum yield versus the excitation energy. Sim
to 2PY monomer, the relative fluorescence quantum yi
FIG. 7. ~a! Transformed population labeling spectrum of 2PY–H2O. ~b! LIF
spectrum of 2PY, 2PY–H2O, and (2PY)2 . The bands marked by asterisk
are the bands belonging to (2PY)2 . ~c! Plots of the fluorescence quantum
yields of the vibronic bands vs the energy, which is normalized to tha


































































578 J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Matsuda, Ebata, and Mikamidecreases rapidly with the energy. Different from the mo
mer, however, it was difficult to identify missing bands
the low energy region for 2PY–H2O, because of the overla
of the monomer bands in the LIF spectrum.
3. (2PY)2
Figure 4~e! shows the population-labeling spectrum
(2PY)2 , which was obtained by monitoring bandD at
30 775 cm21. This band was first assigned to a vibronic ba
of 2PY dimer by Pratt and co-workers.40,43 Since no band is
observed below the bandD, this band is assigned to th
S2(
1Bu) band origin of (2PY)2 . In our previous paper, we
reported the IR spectrum of the NH stretching vibration
(2PY)2 . The observed IR active NH stretch vibration, whi
is assigned to the ungerade mode, was largely redshifted
very broad. In the present work, we measured the Ram
spectrum to observe the band due to the gerade mode
also to confirm an intensity alternation between the IR a
Raman spectra.
In Fig. 8, the FDSR spectrum of (2PY)2 is shown, being
compared with the previously reported FDIR spectra. In
Raman spectrum of (2PY)2 , the broad NH stretching band i
observed at 2600 cm21, while the NH band in the IR spec
trum occurs at 2800 cm21. Such a clear difference betwee
the IR and Raman spectra also represents the presence
inversion symmetry in the dimer, and the bands at 2600
2800 cm21 are assigned to the gerade and ungerade mode
the NH stretching vibration, respectively. The result suppo
well theC2h symmetry of (2PY)2 .
28,40,44The large redshifts
of the NH stretch vibrations in the dimer, 850 cm21 for ger-
ade mode and 650 cm21 for ungerade mode, are due to larg
binding energy of the hydrogen bond in (2PY)2 . The bind-
ing energy of (2PY)2 was experimentally obtained to be 14
kcal/mol by Fujimoto and Inuzuka28 and very recently
Müller, Talbot, and Leutwyler, reported the energy to
17.23 kcal/mol by density functional calculation.44
Another noticeable point of the NH stretching bands
(2PY)2 is their anomalously broad feature. The widths~full
FIG. 8. FDIR spectra of~a! 2PY, ~b! (2PY)2 , and ~c! FDSR spectrum of












width at half-maximum! of the NH bands in the FDSR an
FDIR spectra are 150 and 250 cm21, respectively. Since the
bands in the spectra are attributed to the transitions from
zero-point level of (2PY)2 , no hot band is involved in the
spectra. Thus the broadness of the NH bands are attrib
partly to the appearance of many other vibrations and als
the broadening by strong anharmonic couplings with the
stretching vibration which leads to the fast intracluster vib
tional redistribution. Among several vibrations, CH stretc
ing vibrations are the possible candidates for the coup
with the NH stretching vibration. As was described in t
previous paper,45 the NH stretching vibration lies close to th
CH stretching vibrations upon the hydrogen bond formati
In this case, the NH stretch vibration may couple with t
CH stretch modes and the observed vibrational bands wil
linear combinations of the NH and the CH modes. Actua
sharp CH vibration, which are very weak in bare 2PY, a
peared strongly at the higher frequency side of the NH b
in the IR spectrum. However, in the Raman spectrum of F
8~a!, the CH bands appear at 3100 cm21 and are completely
separated from the NH band. Thus, the coupling with
overtone and/or combinations may be much more resp
sible for the broadening of the Raman spectrum.
B. Vibrational spectra of 2PY and its clusters in S1
1. 2PY
As described in a previous section, it is concluded t
the bandsA andB of 2PY belong to the same species inS0 .
Then a question occurs whether bandB is a vibronic band of
bandA. Most useful information for this question is the me
surements of the dispersed fluorescence~DF! spectra by ex-
citing the two bands. Actually, Nimlos, Kelley, an
Bernstein38 observed the DF spectra for the two bands a
the two spectra were very similar to each other and no
frequency vibration was seen in either spectrum. Thus,
result suggests that theB band is not the vibronic band ac
companying theA band, and the two bands should be a
signed to the band origins of slightly different species in t
excited electronic state.
To obtain more information for the structure of 2P
monomer in the excited electronic state, we measured th
spectrum of the NH stretching vibration of the excited st
by UV–IR double-resonance spectroscopy. Figure 9~a!
shows the UV–IR double-resonance spectra of bandsA and
B in the NH and CH stretching vibrational region. In bo
spectra, the NH stretching band in the excited state app
at;3410 cm21, which is smaller by 38 cm21 than that inS0 .
In the two spectra there is a small but clear difference in th
NH vibrational frequencies. In the lower part of Fig. 9 a
shown the enlarged spectra of the~b! CH and the~c! NH
stretching bands. As seen in the figure, the CH stretch
bands appear at the same frequencies, while the frequen
of the NH stretching bands differ by 1.8 cm21 between the
spectra of bandsA and B. The difference is additional evi
dence of the different structures of the upper states for
bandsA and B reported by Held and Pratt.43 It is not clear
whether they belong to the different electronic states, suc






























579J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Population labelingthe similarity of the dispersed fluorescence spectra, the st
tural difference is very small, so we hereafter refer to b
excited states asS1 .
2. 2PY–H2O and (PY)2
As shown previously, the NH stretching frequency of t
2PY monomer inS1 is 38 cm
21 lower than that inS0 , sug-
gesting that the electronic excitation may also change
hydrogen bonding capability of 2PY. The change of the h
drogen bonding strength can be observed by the redshi
the NH and also of the OH stretching vibrations of the h
drogen bonded cluster. So, we measured the IR spectru
2PY–H2O in S1 , which is shown in Fig. 10~b!. The spec-
trum is compared with that of bare 2PY@Fig. 10~a!#. As seen
in the figures, the hydrogen-bonded NH and OH stretch
vibrations are widely separated. The frequency reduction
the NH stretch of 2PY–H2O from that of bare 2PY inS1 is
123 cm21. The corresponding vibrational spectrum
2PY–H2O in S0 was reported in our previous paper.
45 In S0 ,
hydrogen-bonded NH and OH stretching vibrations lie clo
to each other at 3340 cm21 and the frequency reduction o
the NH stretch of 2PY–H2O from that of bare 2PY is 119
cm21. Thus, the NH–O hydrogen bond strength is not
different between the two electronic states. On the ot
hand, the reductions of the OH stretch frequencies inS0 and
S1 are found to be 211 and 72 cm
21, respectively. So, the
reduction of the OH stretching frequency of the H2O site
FIG. 9. ~a! UV–IR double-resonance spectra of bandsA and B of 2PY
monomer in theS1 state.~b! Enlarged portion of the CH stretching region












upon the hydrogen bond formation inS1 is smaller than in
S0 . From these results, it is concluded that the hydrog
bond strength between H2O and the CvO group of 2PY in
S1 is weaker than inS0 , while that between H2O and the NH
group is almost the same. Pratt and co-workers reported
the intermolecular distance of 2PY–H2O increases inS1 .
42
Thus, all these results show that the hydrogen bond stre
between the CvO group of 2PY and the OH group of H2O
become weaker inS1 . It also explains the observed bluesh
of the S1–S0 electronic transition 2PY–H2O.
A similar decrease of the hydrogen bond strength w
observed inS1 of (2PY)2 . Figure 10~c! shows the IR spec-
trum of the NH stretch vibration of (2PY)2 in S1 . The ob-
served band has a peak at;3000 cm21 and its redshift from
that of the monomer is 410 cm21. This redshift is substan
tially smaller than that~650 cm21! in S0 , indicating that the
hydrogen bond strength of (2PY)2 is also weakened inS1 .
This result also agrees with the result obtained from the h
resolution LIF spectrum by Held and Pratt.43 Actually, Weis-
stuch, Neidig, and Testa suggested that the acidity of 2
decreases inS1 from the blueshift of anion emission relativ
to the neutral molecule.5 Thus, it is interesting to note tha
2PY shows a contradicting feature, that is, the NH bo
strength is weakened while the acidity decreases upon
electronic excitation.
IV. CONCLUSION
In the present work, we investigated the structures a
electronic properties of 2PY and its hydrogen-bonded cl
FIG. 10. UV–IR double-resonance spectra of~a! 2PY, ~b! 2PY–H2O, and










































580 J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Matsuda, Ebata, and Mikamiters by using various spectroscopic methods. For 2PY mo
mer, bandsA andB, which are lying close each other in th
S1 band origin, were assigned to the origins of the differe
upper states whose structures involving the NH group
slightly different. It was found that the fluorescence quant
yield rapidly decreases with the energy and that severa
bronic bands are nonfluorescent even in the low energy
gion. The NH stretching vibrations were observed forS0 and
S1 and it was found that the NH stretching frequency
reduced by 38 cm21 upon the excitation toS1 . Thus, the NH
bond strength is slightly weakened inS1 . As to the tautomer-
ization of 2PY inS1 , Nowaket al. observed transformation
of 2PY to 2PH by the UV irradiation of matrix isolated 2PY
2PH. They suggested the ring opening reaction for this tra
formation because they observed of the vibration which m
be assigned to the antisymmetric vibration ofvCvO group.
The observed weakening of the NH bond strength inS1 in
the present work may be related to the ring open reactio
may promote intramolecular proton transfer in the interm
diate state.
On the other hand, it was found that the hydrogen-bo
strengths of 2PY–H2O and (2PY)2 are weakened inS1 due
to a decrease of the acidity of 2PY. The decrease of hyd
gen bond strength inS1 decelerates the tautomerization rea
tion of 2PY in protic solvent molecules. This is because t
the reaction in protic solvents is thought to occur through
proton exchange in the ring-form intermediates, such
shown in Figs. 1~b! and 1~c!, and the decrease of the hydr
gen bond, that is the increases the OH–OvC distance, will
act to inhibit the reaction. Thus, it is not clear whether t
tautomerization reaction is promoted or prohibited in t
clusters involving the 2PY form inS1 and it will be very
interesting to perform similar experiments for the clust
involving 2HP form.
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